Conventional methods of road runoff sampling come with various difficulties. Hence, a novel experimental method was tested in and around Budapest, using a passenger car to collect wheel splash samples. Total concentrations of selected heavy metals were compared to the results of an earlier conventional runoff sampling program for verification. Despite the inhomogeneous set of splash samples, the ratio of measured heavy metals was found to be fairly stable throughout the entire data set. Ratios in the new splash samples and the formerly collected gully drain runoff samples were also found to be identical, showing that sample composition is not distorted by the new method. Urban sites generally exhibited higher concentrations than motorway sites, especially for Cu and Pb, the suspected cause of which is the difference in traffic dynamics. Traffic volume dependence is indirectly indicated by the clearly observable differences between weekday and weekend samples collected from urban sites.
Introduction and objectives
Contamination of road runoff is an intricate diffuse pollution problem, characterized by the emission, buildup and wash-off of a wide range of pollutants, mainly occurring as, or attached to, particles [7] . In dry weather, particles are emitted by various friction processes (e.g. brake abrasion, tire and road wear) and combustion (engine exhaust). Depending on their settling velocity, these particles either accumulate on the nearby surfaces (coarse fraction) or remain suspended in the air for prolonged periods and are easily transported away from their point of emission by natural or traffic induced wind (fine fraction). Nevertheless, part of the fine fraction remains attached to vehicle parts (brake dust on wheel rims). In wet weather, three additional processes join the ongoing emissions, making a substantial contribution to the suspended solids load of surface runoff by mobilizing particulate and particulate-bound matter:
• Part of the previously accumulated contaminant mass gets entrained and washed off from impervious surfaces by the impact of raindrops and the flow of surface runoff.
• The efficiency of this wash-off process is strongly enhanced on road surfaces by the intensive suction and pressure exerted by rolling vehicle wheels that splash the surface runoff (also washing off contamination from the wheels and chassis).
• A considerable part of the otherwise airborne mass gets deposited by precipitation.
Due to the complex nature of the contaminating processes, sampling of road contamination is difficult. A number of different solutions exist which are often not representative of each other. Sampling methods can be roughly classified into two groups, differing in the presence of real precipitation. Dry weather methods include vacuuming/sweeping and tunnel studies (providing information on coarse and fine particle accumulation and emission during dry periods) as well as artificial flushing (providing information on the fraction of contamination which is easily detached and entrained by the impact of raindrops and the surface flow of runoff). Such measurements are often difficult to organize and execute (permission, traffic restriction, weather surprises, etc.). The obtained results are important for process identification, yet they essentially fall short of reflecting the effects of additional contamination from wet weather processes.
In wet weather, the actual runoff is usually sampled at fix locations by either active or passive devices at some point of the drainage pathway (anywhere between the edge of the road surface and detention ponds). In the case of particulate and particulate-bound contaminants, which tend to settle out or get adsorbed during runoff routing, the measured concentrations depend heavily on the point of sampling (roadside curb, gully, swale, pond, etc.). This is confirmed e.g. by Desta et al [11] , who reported significantly differing pollutant concentrations in road runoff from Irish highways with different drainage systems; and Crabtree et al. [8] , who studied the pollutant reduction potential of various drainage systems. It is apparent, that wet weather samples taken at different points of the drainage system represent net contaminant wash-off which is usually valid only for the site-specific drainage and sampler placement. As a consequence, the sensible comparison of reported literature values, which usually span over a wide range, is de facto hampered.
A summary of some relevant literature data for total Zn and Cu in road runoff is presented in Fig. 1, 2 and Tab. 1. Intersite differences are best reflected by mean and median values, which vary about an order of magnitude. Comparison of statistics is somewhat hindered though, as some studies cover dozens of sites, while others focus on a few or just one. The choice of sampling period complicates the issue further. Additional data from the USA is cited by Kayhanian et al. [16] , which provide median EMC values between 15-43µg l −1 for Cu, and 202-222µg l −1 for Zn (AADT range: 5,000-200,000 vehicle day −1 ). The study of a low-traffic (AADT: 6,000 vehicle day −1 ) nonurban road in Portugal [1] yielded only 5 and 3 EMC data for Cu and Zn, respectively, the average values of which are 24.1 and 308 µg l −1 . Desta et al. [11] reported mean total Cu/Zn concentrations for a curb-and-gully site as 0.12/0.66 mg l −1 , and for a filter drain site as 0.03/0.12 mg l −1 (both sites had similar traffic volumes and climatic properties, and were sampled in the same period). In order to gain comparable information from different sites, the retention effects of the drainage system should be eliminated, so that samples represent the gross contaminant wash-off (combined mobilization of pollutants by rainfall and vehicle-forced detachment). The straightforward idea is that sampling should be executed as close to the emission sources as possible. A suitable collection method seems to be the utilization of vehicles equipped with appropriate samplers to collect splashed water directly from the road surface while driving in the traffic. In addition, this new kind of wet weather sampling method offers much greater mobility compared to the usual methods (one vehicle can collect samples from multiple locations during one rainfall event). It also seems to be capable of investigating the supposed differences between the mobilization potential of various vehicle types (passenger cars vs. heavy duty vehicles) in detail. The goal of this paper is to present the results of a test campaign, and to evaluate the reliability and applicability of wheel splash sampling.
Methodology
Experiments with wheel splash sampling were conducted with a passenger car. A small buffer container was mounted securely behind the rear left wheel to catch and temporarily hold the splashed water. A flexible plastic pipe was submerged in this container, through which the captured water was continuously lifted by a Thomas 415 CDC type vacuum pump into larger glass bottles inside the car. The sketch of the sampler layout is depicted in Fig. 3 . To obtain a fairly inhomogeneous set of samples for thorough Per. Pol. Civil Eng.
Tab. 1. Background information for Figs. 1, 2. AADT stands for "annual average daily traffic". NA stands for "not available". An earlier study of ours indicated that concurrent traffic volume has a great impact on the concentration of a range of pollutants in highway runoff [6] , so attention was paid to select sites characterized by different traffic volumes. As weekdays and weekends generally differ in terms of traffic volume (especially in the case of urban roads), a substantial number of samples were taken in both periods. It was known in advance that there would be no concurrent traffic counts available for the urban sites, so an arbitrary classification was applied (consisting of 5 classes) to roughly describe the general traffic situation during sampling. As anticipated, traffic conditions varied greatly from site to site and event to event.
The sampled precipitation events included light and heavy rains as well as snowfall. In the absence of sufficiently detailed precipitation data for all sites, rainfall intensity was also classified by arbitrary judgement into 3 classes on the site. A total of 58 samples were collected from 10 events between September 2009 and April 2010.
The collected samples were stored in a refrigerator at 4˚C until analysis. TSS, COD, pH, specific conductivity and total concentrations of 6 metals (Zn, Cu, Pb, Ni, Cr, and Cd) were determined from the samples. TSS was measured by filtration through a 0.45 µm membrane, COD was determined using the dichromate method. For the analysis of metals, samples were first homogenized using ultrasonic bath. 40 ml of homogenized sample was placed in a 100 ml Teflon bomb, then 2 ml of Suprapur HNO 3 and 6 ml of Suprapur HCl were added, and the sample was digested in an Anton Paar Multiwave 3000 digester according to the EPA 3015 method. The extract was filtered through a 0.45 µm membrane, and measured by flame atomic absorption spectroscopy (FAAS) using a Perkin-Elmer 3030 spectrophotometer (for Cu, Cr, Ni, Pb, and Zn), or graphite furnace atomic absorption spectrometry (GFAAS) using a PerkinElmer Analyst 700 (for Cd). As this was a pilot study, samples were not analyzed for dissolved metal concentrations. The partitioning of metal contaminants between particulate and dissolved forms in road runoff is discussed in detail by a handful of previous studies, e.g.: [13, 14, 16, 18] .
To demonstrate the viability of wheel splash sampling, measured total metal concentrations were compared to values acquired by our earlier runoff sampling program at motorway site #2. Samples were collected there for a 1.5-year period with a passive sampler device, which was placed in the top section of a concrete gully drain that channels runoff from the roadside curb down a steep slope into a collecting conduit (further details in [2] ). At this point of the drainage system retention is assumed to be mild, therefore samples collected here were regarded as being fairly representative of the raw form of road runoff, and thus, suitable for direct comparison with the wheel splash method. Metals were chosen as the basis of comparison because they are strongly related to traffic emissions [10] .
Results and discussion

Characterization of sampled water quality
Mean, median, maximum and minimum values of measured water quality parameters from the wheel splash samples are presented in Tab. 3. As sample collection always began later than the initial portion of runoff left the road surface, elevated pollutant concentrations that characterize this first part of the runoff are very unlikely to be represented in the data set. Fig. 4 presents box plots of total Zn, Cu, Ni, Cr and Pb concentrations for three data sets: urban and motorway splash from the new campaign, and motorway gully drain samples from our earlier study (Cd is not presented because of insufficient data from the latter). As expected, metal concentrations in the motorway splash samples are in the same order of magnitude, but usually a little higher than those of the motorway gully drain samples. Note that the gully drain sampling campaign provided a set of concentration time-series (including first flush periods) for a number of individual precipitation events at one particular site, while wheel splash sampling provided a set of grab samples representing the longitudinal average concentration from a group of distinct road sections for a number of individual precipitation events. As a consequence, the distribution of the gully drain samples is somewhat skewed towards higher concentrations if compared to the splash samples.
Tab. 2.
Sample collection sites and number of weekday/weekend samples collected. AADT stands for "annual average daily traffic". Traffic data for urban sites are estimates based on occasional counts [17] , while those for motorways and expressways are data from continuous automatic counts (the number of heavy duty vehicles is given in brackets). Traffic data for sites #1-6 are from 2008 [19] 
Impacts of traffic and snow on runoff water quality
Fig. 5 and 6 present total Zn, Cu and Pb concentrations for two urban sites, five distinct events for each one. A clear difference can be seen between weekday and weekend samples: the former are consequently higher than the latter. The observation is reassured by the rest of the urban sites as well. Since urban traffic volumes and flows show significant differences between weekdays and weekends (the former being characteristically higher), this pattern supports the overall importance of traffic parameters determining the quality of road runoff. Due to the lack of thorough traffic counts during the time of sampling, no quantitative relationship between traffic volume and contaminant concentrations can be established from this data set. Such relationships, with certain limitations, can be derived from our earlier gully drain runoff sampling program, however [6] . Further research needs to be done to gain more widely applicable results.
From Fig. 4 one can also see that splash samples from urban sites show generally higher concentrations than the ones from motorway sites. This is especially true in the case of Cu and Pb, where the urban figures are, on average, 2.5(±0.4) and 2.7(±0.4) times higher, respectively. As Cu is predominantly originating from brake lining wear, and to a lesser degree, but Pb is also a component of brake lining [10, 15, 23] , it is very likely that this reflects the differences in traffic dynamics: traffic lights and peak hour "stop-and-go" traffic in town both induce higher braking frequency and intensity, resulting in elevated emissions of brake-wear specific materials. The Ni and Cr concentrations of splash samples are more widely distributed than those of the gully drain samples, the reason of which is yet unknown. The least difference between the three subsets is for Zn, where the average urban-to-motorway ratio was found to be 1.6(±0.2). The three latter metals are known to be less sourcespecific than Cu and Pb (e.g. Zn originates from tire abrasion, brake wear and roof material as well). The highest concentrations in the entire sample set were observed from a winter snowfall (and melt) event preceded by a prolonged cold period, during which most of the snow from the previous snowfall, ploughed out to the roadside, did not melt. Fig. 5 features one of these samples, showing extraordinarily high metal concentrations compared to the rest of the events. This confirms the results of other studies [14, 18, 21] which identify the reasons as the pollutant-trapping capability of the roadside snow matrix and the increased corrosion caused by de-icing agents. Apart from the snow bank acting as a repository for coarser metal particles, the additional adsorption of fine airborne particles to the snow crystals may also contribute to the overall accumulation. As a considerable fraction of abraded brake material is emitted as airborne particulate matter [3, 20] , and further fine metal particles are emitted by tire wear and fuel combustion [22] , this contamination pathway may not be negligible, either.
Verification of the wheel splash sampling method
The reliability, and thus, the further application of the wheel splash sampling method depends on how representative the collected samples are of the road surface runoff. Two questions arise: whether contaminants washed off from the sampler vehicle represent a substantial contribution to the sample or not, and whether they do distort the sample composition or not. These issues were investigated by comparing the new samples with those from our earlier gully drain runoff sampling program. If metal concentrations in the splash samples were to be found in a narrow range, being highly insensitive to site and event characteristics, or if their relative amounts were to be clearly different compared to those of the gully drain samples, the disturbance of "self-sampling" would pose serious difficulties in using the new method.
In contrary, Fig. 4 shows clearly that the total metal concentration ranges of splash samples were even wider than those of the gully drain samples. The high values found in snowmelt events (one of which is depicted on Fig. 5 ) also demonstrate that wheel splash samples describe the road runoff at the time and place of sampling, rather than actual wash-off from the vehicle which is used for sample collection. The relative ratios of total Zn, Cu, Pb, Ni and Cr were found to be fairly steady throughout the whole range of splash samples (with a slight but consistent difference between urban and motorway subsets, resulting from the differences in Cu and Pb due to traffic dynamics), just like they were in the gully drain samples, too. Furthermore, comparing the ratios for the site where both sampling methods were applied, these ratios are identical ( Fig. 7 and 8 ). This similarity supports the hypothesis that sample composition does not get distorted in splash samples, suggesting that on-the-run splash sample collection by vehicles is interchangeable with the gully drain sampling method. The supposed causes of the mild variation experienced between the distinct events (for both the splash and the gully drain samples) are the different traffic and precipitation parameters. In order to test this hypothesis, the relative ratios in the time-series of individual precipitation events from the gully drain samples were also assessed. It was assumed that due to less inhomogeneity in traffic and precipitation parameters during the course of one precipitation event, the ratios will show even less variation (compared to those between distinct events). The results show that, regardless of which part of the time series is looked at, the ratios are indeed steadier, in fact almost completely unchanged ( Fig. 9 and 10 show an example). Despite this successful indirect proof, further targeted measurements and analysis of the metal ratios is needed to investigate the causes thoroughly. 
Conclusions
A novel method of road runoff sampling was proposed and tested on urban roads and motorways in and around Budapest: a passenger car was equipped to collect wheel splash samples. Total concentrations of selected heavy metals were compared to the results of an earlier gully drain runoff sampling program conducted at an expressway which was also included in the new campaign. The major findings are the following:
• Despite the inhomogeneous set of splash samples, the ratio of measured heavy metals was found to be fairly stable throughout the entire data set.
• Metal concentration ratios in splash samples and formerly collected gully drain runoff samples were also found to be identical. The little observed variation is suspected to be caused by differences in traffic and precipitation parameters from one event to another.
• Traffic volume dependence is indirectly indicated by the clearly observable differences between weekday and weekend samples collected at urban sites.
• Urban sites generally exhibit higher heavy metal concentrations than motorway sites, the suspected cause of which is the difference in traffic dynamics (frequency and intensity of braking). The difference is most pronounced for Cu and Pb and the least for Zn, with respective urban-to-motorway concentration ratios of 2.5(±0.4), 2.7(±0.4) and 1.6(±0.2).
The findings suggest that wheel splash method is a viable new alternative of road runoff sampling, especially useful in urban areas, where other conventional methods are usually hard to implement. In addition, wheel splash sampling offers much greater mobility, as one vehicle can collect samples from multiple locations during one rainfall event. The application of this sample collection method can be a powerful tool for a more detailed study focusing on the effect of traffic dynamics on runoff water quality in key urban sites.
